Magnesium-substituted CuCrO2 delafossite is a promising candidate for p-type transparent conducting oxide (TCO) applications owing to its relatively high electrical conductivity and optical transparency in the visible range. Here we report the ALD (atomic layer deposition) fabrication of semiconducting Cu(Cr1- peaks due to the spinel-structured MgCr2O4 secondary phase appear for x ≥ 0.015 while the increase in lattice parameters of the delafossite Cu(Cr,Mg)O2 phase continues even up to x ≈ 0.03. The direct bandgap as determined from UV-vis spectrophotometric measurements is observed to decrease from 3.09 eV for x = 0 to 2.87 eV for x = 0.015 before increasing to 3.15 eV for x = 0.043. The observed transmittance is close to 80% in the visible range. These characteristics are superior to the thin films of copper delafossite family prepared by any thin-film technique. 
Introduction
The stimulus for transparent electronics has galvanized the world-wide efforts to search for novel p-type transparent conducting oxide (TCO) thin-film materials; these should match with the presently available n-type counterparts for the fabrication of transparent electronic components such as p-n junction diodes. Transparent p-n and p-in junction diodes are important components for the realization of invisible electronics, and it is a common understanding that we already have a variety of prospective n-type TCOs in our hands but very few p-type materials of comparable characteristics. [1] [2] [3] [4] Thus the research and development of ptype TCOs is a worthwhile endeavor not only to rival the current industry-standard n-type TCOs (e.g. Sn-doped In2O3 and Al-doped ZnO) but also to complement the needs of invisible electronics. Materials with a wide bandgap (>3 eV), high electrical conductivity, high hole mobility and low fabrication cost along with considerable transparency would be ideal for the transparent electronics.
Frustrated magnetism due to the triangular crystal lattice was the early reason for the intense studies on delafossite oxides but the discovery of p-type electrical conductivity in transparent CuAlO2 thin films in late 1990s swung the pendulum of research on delafossites to the invisible electronics. [5, 6] Subsequently several other wide-bandgap triangular-lattice delafossites of monovalent copper such as CuInO2, CuScO2, CuGaO2, CuYO2 and most recently CuBO2 have been investigated as p-type TCOs. [7] [8] [9] [10] [11] [12] Among the delafossites, CuCrO2 is probably the most prospective p-type candidate for TCO applications with its bandgap of >3.0 eV, though the bandgap is debatable with contradictory findings of indirect and direct bandgap semi-conductivity. [13] [14] [15] [16] In their 3 early bandgap study Benko and Koffyberg reported an indirect bandgap of 1.28 eV for CuCrO2 with another indirect and a direct bandgap at 3.08 and 3.35 eV, respectively. [13] The most recent optical measurements encouragingly indicate CuCrO2 t o b e transparent to visible light with the direct optical bandgap in the range of 2.95-3.30
eV. [17] [18] [19] However, the low electrical conductivity of CuCrO2 is a serious drawback for its use in practical TCO applications. Thus substitution. [21] [22] [23] [24] [25] Moreover, the 5% Mgsubstituted CuCrO2 has shown the highest electrical conductivity (220 S cm -1 ) to date among the delafossite oxides, the value being much higher than those for e.g.
Cu(Y,Ca)O2, Cu(Sc,Mg)O2, Cu(Al,Mg)O2 (4 x 10 -4 S cm -1 ) and Cu(In,Ca)O2 (2.8 x 10 -3 S cm -1 ) thin films. [26, 7] There are various methods reported for the preparation of Mg-substituted CuCrO2 thin films, such as rf sputtering, pulsed laser deposition, and chemical solution deposition. [18, [21] [22] [23] [24] [25] [27] [28] [29] [30] [31] However, these techniques may not be vital for the 4 applications where a precise thickness control (of the order of sub-nanometer) over a large-area and/or nanostructured substrate is required. [32] In some thin-film works Mg-substitution levels as high as 12%
have been reported, clearly contradicting to the very limited substitution levels reported for bulk samples. [21, [33] [34] [35] [36] Atomic layer deposition (ALD) is an advanced gas-phase thin-film deposition technique that affords precise film-thickness control owing to its unique deposition mechanism based on sequential and repeated exposures of precursor vapors that undergo self-limiting surface reactions. [37] Not only low deposition temperatures but ALD also offers the benefit of wafer-scale fabrication of various inorganic films, including oxides, nitrides, metals and chalcogenides. [38] Electrical transport properties of Cu(Cr,Mg)O2 are still not fully understood, partly due to various uncertainties in the composition/structure, oxygen nonstoichiometry, Mg substitution at the Cu site and spin-charge coupling effects at the Cr site. [39, 40] Moreover it is observed that the electrical conductivity of Mg-substituted CuCrO2 films strongly depend on the deposition conditions, specifically the O2 partial pressure during the film deposition. [41] In many sputtering experiments, introduction of oxygen during the film growth was not enough to obtain the high-conductivity films albeit the improved film's transmittance. [42] In a similar study on Mg-substituted Cr2O3 films, it was observed that the mixed-valence state of Cr due to the Mg substitution depends on the oxygen partial pressure. [43] In some rare earth delafossite oxides an unusual spin-gaplike behavior have been observed with oxygen doping. [44] In CuScO2 films a tradeoff between optical transmittance and electrical conductivity was observed for post-5 deposition O2-annealed films, such that the electrical conductivity increased at the cost of the optical transmittance. [8, 45] 
Results and Discussion
In Figure 1 There are several papers for both thin-film and bulk samples of Cu(Cr,Mg)O2 where even Mg-substitution levels greater than 10% have been reported. [14, 21, 25] However, 7 from a recent experimental and theoretical investigation by Maignan et al., [33] a very limited solubility range up to~1% was concluded for bulk Cu(Cr,Mg)O2 samples.
Maignan et al. also identified the spinel impurity phase as MgCr2O4. [33] To ascertain the solid solubility of Mg in our Cu(Cr1-xMgx)O2 thin films we take in samples. [34, 35] As the ionic radius of Mg solubility remains somewhat ambiguous. [47] In r e p o r t e d b y H a n e t a l . f o r t h e i r C u ( C r 1-xMgx)O2 films. [21] The estimated activation However, for our ALD thin films dS/dT < 0, which is in contrast to the behavior reported for bulk samples. [33] With increasing nominal
Mg content x, the room-temperature ρ and delafossite phases. [33] There are also some conflicting reports assuming hole creation at t h e c o p p e r s i t e (i . e . C u
2+
). [34, 35] However, Maignan et al. ruled out this possibility through careful magneto-thermoelectric measurements. [33] The highest electrical conductivity of 217 S . [20, 21, [25] [26] [27] [28] The relatively large discrepancy in the electrical conductivity values reported by different groups must be due to the different preparation conditions, in particular the oxygen partial pressure.
However the literature data are somewhat conflicting in terms of the effects of oxygen pressure, as in some reports the films prepared in an oxygen-deficient atmosphere show high electrical conductivity but low transmittance and in some cases just the opposite has been observed. [8, 20, [41] [42] [43] [44] [45] 48] Nevertheless, it is widely believed that the presence of interstitial oxygen in Cu(Cr,Mg)O2 thin films could improve the electrical conductivity due to hole doping. [5, 10, 43, 44] This could be true in our case as well, as in our ALD deposition process ozone gas as a source for oxygen is pulsed into the reactor in every ALD cycle.
Recently it was revealed that the Fermi-level structure near the valence band maximum has both Cu 3d and Cr 3d characters through Cu 3d −O 2p−Cr 3d hybridiza on. [49, 50] The UV-vis spectra measured in the wavelength range 190-1100 nm for our 120- Table 2 . [20, 21, 51] The optical bandgap increases even after x = 0.015, i.e. at the point where the spinel secondary-phase starts to form.
We calculated the absorption coefficient a and the optical bandgap of the films in a way earlier reported by us for the parent CuCrO2 films. [46] The middle and bottom insets of previous studies. [21] [22] [23] [24] [25] This initial decrease followed by an increase in the bandgap energy was observed in another work as well, [21] where it was explained by the bandgap renormalization and Burstein-Moss (Oi), and dopants on the M lattice site (in the p r e s e n t c a s e M g o n t h e C r l a t t i c e s i t e ) .
Copper vacancies are discussed mainly to understand the conductivity of pure delafossites, [17] while for the cation-doped systems, dopants and Oi play the main roles.
The interplay of these different doping schemes then most probably account for the complexity of the electrical transport and optical properties of the different delafossite phases.
Conclusions
In this work, we developed an ALD process CuCrO2 is yet the most promising p-type TCO material candidate among the delafossites, not only to its superior electrical properties b u t a l s o o w i n g t o i t s e x c e l l e n t t h e r m a l stability.
Experimental Section
Magnesium-for-chromium substituted thin images were taken to investigate the surface roughness and morphology of the films. DC electrical resistivity (r) was measured for the annealed films in linear four-probe configuration whereas the Seebeck coefficient (S) was measured using our home-made setup reported in reference. [60] Hall coefficient measurements were performed at room temperature using a 1
Tesla electromagnet and Van der Pauw geometry for the Hall voltage measurement.
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